Abstract. We have developed a new nested-grid mercury (Hg) simulation over North America with a 1/2 • latitude by 2/3 • longitude horizontal resolution employing the GEOSChem global chemical transport model. Emissions, chemistry, deposition, and meteorology are self-consistent between the global and nested domains. Compared to the global model (4 • latitude by 5 • longitude), the nested model shows improved skill at capturing the high spatial and temporal variability of Hg wet deposition over North America observed by the Mercury Deposition Network (MDN) in [2008] [2009] . The nested simulation resolves features such as higher deposition due to orographic precipitation, land/ocean contrast and and predicts more efficient convective rain scavenging of Hg over the southeast United States. However, the nested model overestimates Hg wet deposition over the Ohio River Valley region (ORV) by 27 %. We modify anthropogenic emission speciation profiles in the US EPA National Emission Inventory (NEI) to account for the rapid inplume reduction of reactive to elemental Hg (IPR simulation) . This leads to a decrease in the model bias to −2.3 % over the ORV region. Over the contiguous US, the correlation coefficient (r) between MDN observations and our IPR simulation increases from 0.60 to 0.78. The IPR nested simulation generally reproduces the seasonal cycle in surface concentrations of speciated Hg from the Atmospheric Mercury Network (AMNet) and Canadian Atmospheric Mercury Network (CAMNet). In the IPR simulation, annual mean gaseous and particulate-bound Hg(II) are within 140 % and 11 % of observations, respectively. In contrast, the simulation with unmodified anthropogenic Hg speciation profiles overestimates these observations by factors of 4 and 2 for gaseous and particulate-bound Hg(II), respectively. The nested model shows improved skill at capturing the horizontal variability of Hg observed over California during the ARCTAS aircraft Published by Copernicus Publications on behalf of the European Geosciences Union.
Introduction
Mercury (Hg) is a ubiquitous trace metal in the atmosphere and is emitted by both natural (Mason, 2009 ) and anthropogenic sources such as coal combustion, waste incineration and gold mining Pacyna et al., 2010; Pirrone et al., 2009) . Anthropogenic emissions of Hg occur in the long-lived elemental form (Hg(0)), but also as shortlived oxidized mercury (Hg(II)) and particulate-bound mercury (Hg(P)). Both Hg(II) and Hg(P) are rapidly removed by wet and dry deposition near source regions, while Hg(0) can be transported on global scales. Hg(0) is then deposited over remote areas via dry deposition of Hg(0) itself or through oxidation to Hg(II), followed by its subsequent deposition (Lindberg et al., 2007) . Once in aquatic ecosystems, Hg may be converted to the neurotoxin methylmercury, which can bioaccumulate in the food chain (Morel et al., 1998) . Human exposure occurs via consumption of fish and seafood (Mergler et al., 2007; Sunderland, 2007) . Because of its adverse effects on human health and the environment, Hg pollution is being actively regulated at national levels and there are now ongoing international negotiations to achieve a global legally-binding agreement for Hg emission reductions (UNEP, 2012) .
A number of global Hg models have been developed to interpret observations, test chemical mechanisms and constrain the global Hg budget (e.g. GISS-CTM: Shia et al., 1999; GEOS-Chem: Selin et al., 2007 ; GRAHM: Dastoor and Larocque, 2004) . However, these models often have coarse horizontal resolution (∼ 200-1000 km) and thus lack the resolution needed for detailed evaluation at the regional scale. Regional models have higher resolution over a limited domain, which is necessary to resolve the observed high spatial variability in Hg deposition (Keeler et al., 2006; Dvonch et al., 2005) . A disadvantage of these models is their sensitivity to assumed initial and lateral boundary conditions. One way to solve this issue is to use a global model to provide initial and boundary conditions in a multi-scale modeling approach (Bash, 2010; Bullock et al., 2008; Lin and Tao, 2003; Pan et al., 2007; Seigneur et al., 2001; . A significant problem with this approach, however, is that the regional and global models often use different assumptions about Hg emissions, chemistry, deposition, and meteorology. Use of different global models to define boundary conditions leads to large variations in regional patterns of atmospheric Hg concentrations, as well as wet and dry deposition (Bullock et al., 2008 (Bullock et al., , 2009 Pongprueksa et al., 2008) .
In this paper, we describe the development of a new nested North American Hg simulation with higher resolution (1/2 • latitude by 2/3 • longitude) in the GEOS-Chem model. This North American window is imbedded in a lower resolution (4 × 5 • ) global GEOS-Chem simulation. Chemistry, deposition, emissions, and meteorology are self-consistent between the nested and global domains. The horizontal resolution of the nested-grid domain (∼ 50 km) is comparable to that used in many regional scale Hg models (for example, most published work with CMAQ uses 36 km), however the vertical resolution is much higher (surface to 10 hPa: 14 vertical levels in CMAQ versus 40 levels in GEOS-Chem).
The aims of this study are to (1) evaluate the GEOS-Chem nested-grid Hg simulation by comparisons to observations of wet deposition and atmospheric concentrations over North America; (2) examine the impact of resolution (4 × 5 • versus 1/2 × 2/3 • ) and partitioning of anthropogenic North American emissions on model predictions; (3) assess the origin of wet deposition over the US in the nested-grid GEOS-Chem model and quantify the relative impacts of domestic versus global emissions on deposition.
Model description

GEOS-Chem global Hg simulation
GEOS-Chem is a global chemical transport model , which is driven by assimilated meteorological observations from the NASA Goddard Earth Observing System (GEOS). The most recent meteorological fields (GEOS-5) have a spatial resolution of 1/2 • latitude by 2/3 • longitude, with 72 hybrid eta levels from the surface to 0.01 hPa. The lowest 2 km are resolved with 13 layers. For input to the GEOS-Chem global simulation, these fields are degraded horizontally to 4 × 5 • and vertically to 47 levels due to computational limitations. We use GEOS-Chem version v9-01-02 in this paper (http://acmg.seas.harvard.edu/geos/).
The GEOS-Chem atmospheric Hg simulation is described and evaluated in , with recent updates in Hg chemistry and deposition by Holmes et al. (2010) and Amos et al. (2012) . The model includes two atmospheric mercury species: elemental Hg (Hg(0)) and divalent Hg (Hg(II)). Anthropogenic Hg emissions are from the Global Emission Inventory Activity (GEIA) 2005 inventory of Pacyna et al. (2010) , with a native spatial resolution of 0.5 × 0.5 • . This inventory provides anthropogenic emissions for Hg(0), Hg(II), and Hg(P). We combine both Hg(II) and Hg(P) emissions into our single Hg(II) tracer. Over the US and Canada the GEIA anthropogenic inventory is overwritten with more recent regional inventories (see Sect. 2.2). The resulting global anthropogenic emissions are 1900 Mg a −1 . Natural sources account for a total of Atmos. Chem. Phys., 12, 6095-6111, 2012
www.atmos-chem-phys.net/12/6095/2012/ 6097 6600 Mg a −1 , including 4900 Mg a −1 (3000 Mg a −1 net evasion) from air-sea exchange Soerensen et al., 2010b) , 1400 Mg a −1 from land Amos et al., 2012) Holmes et al., 2010) , and 140 Mg a −1 from snow re-emissions (Holmes et al., 2010) . Considerable uncertainty remains on the Hg(0) oxidation mechanisms and their kinetics (Gårdfeldt et al., 2001; Calvert and Lindberg, 2005; Si and Ariya, 2008) . In the original GEOS-Chem simulation, Selin et al. (2007) assumed OH and O 3 to be the main oxidants for Hg(0). They also included aqueous-phase photochemical reduction of Hg(II), proportional to OH concentrations and scaled to match constraints on Hg lifetime and seasonal variation. However, work by Calvert and Lindberg (2005) and Hynes et al. (2009) suggest that the oxidation of Hg(0) by OH and O 3 is too slow to be significant in the atmosphere. Therefore, Holmes et al. (2006 Holmes et al. ( , 2010 updated GEOS-Chem to use Br atoms as the sole oxidant for Hg(0), with kinetic parameters from Donohoue et al. (2006), Goodsite et al. (2004) and Balabanov et al. (2005) . They found that Hg + Br chemistry, like the previous Hg + OH/O 3 chemistry, can reproduce most mercury observations, with some improved prediction of the interhemispheric gradient in total gaseous mercury (TGM) concentrations and the TGM concentrations in polar regions. Holmes et al. (2010) included aqueous-phase photochemical reduction of Hg(II), scaled to NO 2 photolysis. We follow the Holmes et al. (2010) chemical mechanism in this work.
The global bromine fields are described in Holmes et al. (2010) , and are based on 3-D monthly archived Br concentrations from the p-TOMCAT model in the troposphere (Yang et al., 2005) and from NASA's Global Modeling Initiative model in the stratosphere (Strahan et al., 2007) . The resulting BrO column concentrations are consistent with satellite observations (Richter et al., 2002; Sioris et al., 2006) . Over polar regions, elevated concentrations of Br atoms can be produced by refreezing of open leads during spring (Simpson et al., 2007) , leading to so-called bromine explosion events and rapid depletion of Hg(0) (Steffen et al., 2008) . This process is parameterized in GEOS-Chem by assuming 5 ppt BrO in the polar boundary layer during springtime over areas with sea ice, sunlight, stable conditions and temperatures below 268 K (Holmes et al., 2010) .
We assume that Hg(II) is in equilibrium between gas and particulate phase at all times. The partitioning between these two phases is based on the empirical relationship derived by Amos et al. (2012) and is calculated as a function of temperature and monthly mean fine particulate matter concentrations. This empirical relationship was obtained from longterm observations of gas phase Hg(II) (reactive gaseous mercury, RGM) and particulate-bound Hg(II) (particulate bound mercury, PBM) at five sites over North America Graydon et al., 2008; Lyman and Gustin, 2009; Rutter and Schauer, 2007; Sigler et al., 2009) .
GEOS-Chem simulates wet scavenging of Hg(II) and dry deposition of Hg(0) and Hg(II) following the scheme of Liu et al. (2001) and the resistance-in-series scheme of Wesely (1989), respectively. We assume complete retention of Hg(II) during freezing of supercooled water in mixed-phase clouds, but no scavenging during vapor condensation to cloud ice (Holmes et al., 2010; Wang et al., 2011) . Belowcloud scavenging by snow is included only for Hg(II) in the aerosol phase (Holmes et al., 2010; Amos et al., 2012) . The loss of Hg(II) via uptake onto sea-salt aerosol and subsequent deposition in the marine boundary layer is also included in this study (Holmes et al., 2009 (Holmes et al., , 2010 .
Nested-grid Hg simulation
We have implemented a new nested-grid capability with higher resolution in the GEOS-Chem Hg simulation. We use results from the global (4 × 5 • ) Hg simulation as initial and boundary conditions for a nested-grid simulation over the North American domain (defined as 10-70 • N and 40-140 • W). The nested model is driven by GEOS-5 meteorological fields at their native horizontal resolution (1/2 × 2/3 • ). Both the nested and global models use the same vertical resolution. This one-way nesting approach was first developed in GEOS-Chem by Wang et al. (2004a, b) to examine CO and NO x variability over Asia, and has also been applied to understand ozone and aerosol chemistry over North America (Fiore et al., 2005; Li et al., 2005; Park et al., 2006) . These simulations used an earlier version of the GEOS fields (GEOS-3) with a native resolution of 1 × 1 • . More recently, Chen et al. (2009) updated the nested-grid CO simulation over Asia to use the newest GEOS-5 data, allowing for higher resolution. Chen et al. (2009) found that the higher spatial resolution allows for more efficient advectionrelated ventilation of the lower atmosphere and can better resolve frontal lifting. The nested model can also resolve the variability of emission densities over individual cities.
We first conducted a global 4 × 5 • resolution simulation (referred to as the global model) for [2004] [2005] [2006] [2007] [2008] [2009] , archiving tracer mixing ratios of Hg(0) and Hg(II) at the lateral boundaries of the nested model every 3 h. The nested model was then run for 2008-2009 using these 3-hourly lateral mixing ratios, with an initial spin-up time of one month starting with initial conditions from the global model. Figure 1 (top panels) compares the meteorological data driving the global and nested models, using precipitation as an example. The nested model resolves many fine features in the spatial distribution of precipitation which are lost by horizontal averaging at the 4 × 5 • resolution. In particular, orographic precipitation is identifiable in the mountain ranges along the west coast of North America, the Rocky Mountains and the Appalachian Mountains. In addition, details in precipitation over the Gulf of Mexico and Northwest Atlantic are more clearly apparent. Anthropogenic Hg emissions in the US were obtained from the 2005 EPA NEI inventory (NEI05, http://www.epa. gov/ttn/chief/eiinformation.html). The NEI05 inventory includes Hg emissions from point, nonpoint (area), and mobile sources within different sectors. We assign the point source Hg emissions into the corresponding model grid box according to geographic location. For nonpoint and mobile sources, the county-specific Hg emissions were distributed into the model grid system with the surrogate data provided by the EPA (http://www.epa.gov/ttn/chief/emch/ spatial/newsurrogate.html). Mercury speciation profiles are reported for all coal-fired power plants (CFPPs) individually in the NEI05 inventory. For other sources, we use the source-specific emission profiles reported in the inventory. As in the global model, we merge Hg(II) and Hg(P) emissions into the Hg(II) tracer in the nested model. Over the continental US, the 2005 anthropogenic Hg emissions are 111.3 Mg a −1 (61.5 Mg a −1 Hg(0), 49.8 Mg a −1 Hg(II)). Point sources dominate these emissions with 104.7 Mg a −1 , while nonpoint and mobile sources emit 5.5 Mg a −1 and 1.1 Mg a −1 , respectively. CFPPs account for 49 % of the total national anthropogenic emissions. For simplicity, we do not take into account the seasonal, weekly, and diurnal variations in Hg anthropogenic emissions reported in the NEI inventory.
Over Canada, we used emissions from the Canadian National Pollutant Release Inventory 2005 (NPRI05, http:// www.ec.gc.ca/inrp-npri/). The point sources in the NPRI05 inventory were processed in a similar manner as those in NEI2005, and the area and mobile sources were spatially allocated over the model grid using population as the surrogate. The total Canadian anthropogenic Hg emissions are 6.2 Mg a −1 (3.8 Mg a −1 Hg(0), 2.4 Mg a −1 Hg(II)). Anthropogenic emissions from Mexico in the nested model domain are directly gridded from the GEIA emission inventory, and account for 27.9 Mg a −1 .
Observations collected at ground-based sites 7-15 km downwind of power plants in the Southeastern US show that Hg(II) accounts for only 8-21 % of total Hg Weiss-Penzias et al., 2011) . This is a factor of ∼ 3-5 lower than the Hg(II) fraction measured in CFPPs stacks (40-70 % Hg(II)). From airborne measurements downwind of a CFPP, ter Schure et al. (2011) show that reduction occurs in CFPP plumes much faster than in the background atmosphere. Lohman et al. (2006) speculated that this inplume conversion of Hg(II) to Hg(0) could be due to reduction by SO 2 . incorporated this rapid reduction into a regional Hg model with an explicit treatment of stack plume evolution. They found that this improved model performance for wet deposition in the Northeast US. In order to consider this process in our study, we modified the CFPPs Hg emission partitioning from the original 56.8 % Hg (0) Because of the high SO 2 concentration from stacks of waste incinerator (Psomopoulos et al., 2009; Stevenson, 2002) , we assume a similar in-plume reduction process happens to this source, and reduce the Hg(II) content from waste incineration emissions by 75 %, resulting in a speciation profile of 80.5 % Hg(0) and 19.5 % Hg(II). We note that no measurements of Hg speciation in waster incinerator plumes have been reported, so this assumption remains speculative.
With these speciation profile changes, the resulting anthropogenic Hg emissions in North America are: 121 Mg a −1 Hg(0) and 25 Mg a −1 Hg(II). We will refer to simulations with this inventory as in-plume reduction (IPR) simulations and contrast them to our standard (STD) simulations with the original anthropogenic Hg speciation (87 Mg a −1 Hg(0), and 59 Mg a −1 Hg(II) over North America). To have self-consistent global and North American anthropogenic inventories in the IPR simulation, we also modified the Hg(0) : Hg(II) speciation profile for fossil fuel combustion in Pacyna et al. (2010) from 50 : 50 % to 87.5 : 12.5 %. Figure 1 (middle panels) shows the total Hg emission from both anthropogenic and natural sources. Geogenic Hg emissions in the model are a significant source in western North America along a band stretching from southwest Canada to Mexico (Gustin et al., 1997) . The modeled re-emissions from soil, snow and ocean generally follow the spatial pattern of anthropogenic emissions. The modeled soil, snow and ocean emissions strengths depend on meteorology, but vary by less than 15 % over these two years.
The monthly concentrations of Br, BrO and OH radicals in the nested model are obtained by interpolating fields used in the global model. To evaluate the contribution from North American anthropogenic sources, we conducted a sensitivity study with primary anthropogenic Hg emissions from the US, Canada and Mexico turned off. We will refer to this simulation as the "background" simulation.
Model evaluation
We evaluated the nested-grid model against a series of observations in North America including Hg wet deposition from the Mercury Deposition Network (MDN, 2011), near surface Hg concentrations from the Atmospheric Mercury Network (AMNet, 2009) and from the Canadian Atmospheric Mercury Measurement Network (CAMNet, 2011), and tropospheric Hg concentrations observed during the ARCTAS aircraft campaign . We will also compare the nested model against the global model. tail (Fig. 2) . In the nested model, high wet deposition fluxes occur along the coastal regions of British Columbia, Washington and Mexico due to orographic precipitation; discrete high wet deposition flux is predicted over the Rocky Mountains following precipitation (Fig. 1) . Higher spatial variability is also predicted by the nested model near point sources over the ORV and SE regions. For instance, the global model shows the highest wet deposition occurring over the grid box covering southern Indiana, Kentucky and southern Ohio. In contrast, the nested model shows elevated wet deposition flux concentrated over eastern Ohio and western Pennsylvania. Furthermore, the nested model displays more detail in land/ocean contrast in coastal regions (e.g. Florida and the western Gulf Coast), with enhanced deposition over land associated with scavenging of local emissions and enhanced precipitation. With this improvement, the nested model is able to reproduce the observed latitudal pattern for Hg wet deposition over the SE region -the deposition flux increases 6.2 ± 2.6 5.8 ± 1.7 7.0 ± 4.8 5.9 ± 2.3 (−14 % c ) 5.0 ± 2.5 (−27 %) NE 10 9.9 ± 1.7 9.5 ± 1.6 6.8 ± 3.0 6.8 ± 2.4 (+2.6 %) 6.0 ± 2.4 (−9.0 %) ORV 29 9.1 ± 1.9 9.3 ± 1.8 9.3 ± 3.6 11 ± 4.5 (+27 %) 8.8 ± 3.8 (−2.3 %) SE 20 11 ± 2.9 10 ± 5.2 13 ± 5.3 11 ± 5.4 (−14 %) 10 ± 5.2 (−20 %) All sites 95 8.1 ± 1.3 8.1 ± 1.5 8.8 ± 3.6 8.3 ± 3.4 (−3.4 %) 7.2 ± 3.2 (−16 %)
Annual mean Hg wet deposition
The model is sampled at the location of the 95 sites selected. a Regions are defined in Fig. 2 with lower latitude -a feature which is smoothed out by the coarse global model. One issue with the samplers used by MDN is their low snow collection efficiency (Butler et al., 2008; Prestbo and Gay, 2009 ). Prestbo and Gay (2009) find that the MDN annual collection efficiency of precipitation is 87.1 ± 6.5 % at cold weather sites, but is unbiased at warm weather sites (efficiency = 98.8 ± 4.3 %). Lynch et al. (2003) summarized the 16 sites in Pennsylvania in 2002 and found the average collection efficiency was 89 % in the cold period when snow and/or ice dominate precipitation. We correct for this bias in MDN weekly wet deposition by taking into account the fraction of precipitation falling as snow in the corresponding month and assuming an 89 % collection efficiency of snow. The resulting annual wet deposition increases by 2 % at sites in the NE and MW regions, with an 11 % increase in winter. Wet deposition over the ORV and SE (where snow accounts for 11 % and < 2 % of annual precipitation, respectively) are nearly unaffected. All the MDN observations we show in this paper are corrected for this snow bias.
The standard nested-grid simulation captures the general spatial pattern of MDN wet deposition, especially the eastwest gradient and higher wet deposition flux over the SE region (Fig. 2) . However, the standard model systematically overestimates the observed wet deposition flux over the ORV region. As shown in Table 1 , the mean normalized model bias is +27 % in this region. For all 95 MDN sites, the model displays a −3.4 % bias with a correlation coefficient r = 0.60 (Fig. 3, left panel) . The sites with the largest positive model bias are in ORV (blue circles), while negative model bias primarily occurs in the SE (orange circles) and the central and western US (denoted as OT, purple circles). Calculated re- gionally, the correlation coefficients vary drastically, and are largest over the OT region (r = 0.78, Fig. 3 ), lowest in ORV (r = 0.17).
When we change the partitioning of anthropogenic Hg emissions in our IPR simulation (Sect. 2.2), the simulated Hg wet deposition flux in the ORV region decreases by 22 % (Fig. 2, bottom panel) . In particular for Athens, Ohio (OH02) the model bias decreases from 200 % to 20 % (Fig. 3 ). There are several major power plants located near this site that have a total of more than 0.5 Mg a −1 Hg(II) emission in the corresponding 1/2 × 2/3 • model grid (accounting for 3 % of the total power plant Hg(II) emission of the US). Smaller decreases occur over the NE (−11 %), MW (−16 %), and SE (−4.5 %) regions, and nearly no change in the western and central US due to the smaller Hg contribution from anthropogenic emissions. The IPR simulation leads to improved agreement with MDN observations over the ORV region, with a decrease in the model bias from +27 % to −2.3 % (Table 1) ±25%. The points are colored according to their geographic location as defined in Figure   33 2 (OT corresponds to sites west of 95˚W longitude). The correlation coefficient for each 34 region as well as the overall regression statistics are also shown. to 0.61 (Fig. 3) . Over the MW, NE and SE regions the correlation coefficients improve, however the mean bias tends to worsen somewhat in the IPR simulation (MW from −14 % to −27 %; NE from +2.6 % to −9.0 %; SE from −14 % to −20 %, Table 1 ). As discussed in Sect. 3.2 some of the low bias in the IPR simulation is associated with seasonal underestimates in precipitation for these regions. The overall correlation coefficient for all the MDN sites increases from r = 0.60 to r = 0.78. For 70 % of the MDN sites, IPR model values are within ±25 % of observations. Assuming that inplume reduction occurs in CFPP plumes and does not occur in waste incinerators plumes results in a positive model bias of +7.4 % over the ORV region, only partially correcting the STD model overestimate. conducted a more complex plume-in-grid modeling of the reduction of Hg(II) in CFPP plumes and found a 10-30 % reduction in wet deposition over the ORV region, partially correcting their overprediction of wet deposition in that region. Our results are consistent with this previous study. Figure 4 shows the comparison of modeled monthly Hg wet deposition flux and precipitation depth with MDN observations during [2008] [2009] . The observed Hg wet deposition flux has a strong seasonality in the eastern US, with a peak during summer and minimum during winter (Fig. 4, upper  panels) . The STD simulation generally captures this seasonality. The STD simulation overestimates observed mean Hg wet deposition over the ORV region (red line in Fig. 4 , upper panels) especially in 2009, but this overestimate is largely mitigated in the IPR simulation (green line). The IPR simulation slightly underestimates the Hg wet deposition flux over ORV during 2008, but shows no bias in terms of two-year average (Table 1 ). The GEOS-5 meteorological fields reproduce monthly precipitation observations in both the ORV and NE regions quite well (bottom panels in Fig. 4 ; Table 1 ). The low bias of the IPR simulation for the MW region is associated with a 60 % underestimate of wet deposition during June and July 2008. This seems to be partially caused by an underestimate in precipitation during this time.
Seasonal variations in Hg wet deposition
Over the SE, the IPR simulation underestimates MDN observations from August to October. While the model reproduces the high deposition rates observed over Louisiana, Mississippi, and Alabama, it does not reproduce the very high wet deposition rates (10-12 µg m −2 season −1 ) observed at sites in Florida (Fig. 5) . During summer, the model meteorological fields capture the observed high precipitation rates observed in the SE in 2008 (15-20 cm month −1 ) due to convective precipitation, but overestimates summer 2009 precipitation. The high wet deposition rates in the SE, especially over Florida, have been attributed to deep convective scavenging from the free troposphere (Guentzel et al., 2001; Selin and Jacob, 2008) . Thus the modeled low bias during late summer and autumn over Florida might be due to errors in the height of deep convection or to an underestimate of Hg(II) concentration in the tropical free atmosphere (Holmes et al., 2010) . Figure 5 shows the spatial distribution of the Hg wet deposition flux for each season. The IPR nested simulation and MDN observations are plotted separately. In winter (December, January, February (DJF)), the observed wet deposition flux is highest over the SE, in a region extending from Louisiana to Tennessee. Deposition rates increase in spring (March, April, May (MAM)) with high deposition areas extending northward to the MW. During summer (June, July, August (JJA)), wet deposition is very high along the Gulf Coast in a region covering eastern Texas to Florida, and further stretches to the NE. During autumn (September, October, November (SON)), the observed wet deposition decreases again and has similar spatial distribution to that of winter. Generally, the nested model captures the seasonal change in the spatial pattern of wet deposition (Figs. 5 and 6). The correlation coefficient varies between r = 0.70 (JJA) and r = 0.77 (MAM). The IPR nested-grid simulation has the greatest predicting capacity over the eastern US during spring in terms of both low mean bias and correlation coefficient. During summer, the nested model captures the observed maximum high deposition fluxes over the SE, but underestimates MDN observations over the MW, as noted above. The nested model also underestimates the observed high deposition fluxes in SE in autumn and winter. Figure 7 shows the annual mean TGM (defined as modeled Hg(0) + gas-phase Hg(II)), reactive gaseous mercury (RGM, gas-phase Hg(II)) and particulate-bound mercury (PBM, particulate-phase Hg ( cated (Gustin et al., 1997) . Modeled TGM concentrations are lower (1.3-1.5 ng m −3 ) over the Great Plains region, southern Canada and northern Mexico, corresponding to typical Northern Hemisphere background concentrations (Slemr et al., 2011) . The model predicts lower (1.3-1.4 ng m −3 ) TGM concentrations in the marine boundary layer (MBL) because of faster oxidation of Hg (0) to Hg(II) in the MBL and subsequent deposition. These MBL concentrations are lower than cruise measurements over the Northern Atlantic Ocean (1.7-2.2 ng m −3 ) (Soerensen et al., 2010a) , probably due to a model underestimate in ocean Hg(0) evasion (Soerensen et al., 2010b) . Compared with TGM, both RGM and PBM display stronger spatial variability due to their much shorter lifetimes. Following the anthropogenic emission pattern, RGM and PBM concentrations are enhanced over the ORV region (10-20 pg m −3 ), and are lowest in the region stretching across Southern Canada, the Great Plains, southern Canada and northern Mexico. The modeled RGM surface concentrations are highest over the West because of the subsidence of free tropospheric air . The simulated PBM concentrations are low in this region because of the low particulate matter concentrations.
Annual mean surface concentrations of atmospheric Hg
As expected, the nested model reveals much more spatial variability than the global model, especially near large point sources and over western North America. The average surface RGM and PBM concentrations in the nested model are 40 % higher than in the global model. This is due to the stronger ventilation of surface air in the nested model (Wang et al., 2004) , which more efficiently mixes Hg(II)-rich free tropospheric air down to the surface. The global model averages the sub-grid vertical velocity (Wang et al., 2004) and suppresses subsidence of Hg(II) from higher altitude, where GEOS-Chem predicts high Hg(II) concentrations due to faster oxidation of Hg(0) at lower temperatures and lack of removal (Holmes et al., 2006 (Holmes et al., , 2010 .
We compare the model results to surface concentrations measured at 5 CAMNet sites and 14 AMNet sites (Figs. 7 and 8). CAMNet was established in 1996 and measures TGM across Canada using Tekran mercury vapor analyzers (Temme et al., 2007) . AMNet is part of the National Atmospheric Deposition Program and currently consists of 20 sites (AMNET, 2009) . Hg measurements are also conducted by Tekran instruments, and include Hg(0), RGM and PBM with a 2.5-micrometer impactor and KCl-coated annular denuder (for ionic Hg), thermally-desorbed particulate filter (for PBM), and gold traps (for Hg (0) The nested IPR simulation reproduces the observed TGM annual mean concentrations at the 19 surface sites with no bias (obs.: 1.46 ± 0.11 ng m −3 , IPR model: 1.42 ± 0.11 ng m −3 ). Observed PBM concentrations are wellcaptured by the IPR simulation (obs.: 7.8 ± 4.2 pg m −3 , IPR model: 8.8 ± 6.7 pg m −3 ), however the model tends to overestimate observed RGM concentrations by a factor of 2.4 (obs.: 6.2 ± 4.1 pg m −3 , IPR model: 15 ± 9.2 pg m −3 ). If we take into account the large variability (±70 %) and high uncertainty (30-40 %) in RGM measurements (Aspmo et al., 2005; Lyman et al., 2007; Gustin and Jaffe, 2010) this degree of agreement is not unreasonable, especially since the model has some success at reproducing the seasonal cycle of RGM observations (see Sect. 3.4) .
The nested IPR model shows higher correlation (r = 0.51, 0.64 and 0.46 for TGM, RGM and PBM, respectively) with observations than does the global model (r = 0.43, 0.36 and 0.39, respectively). Indeed, for the NE region, where the number density of AMNet sites is highest, the nested model captures the north-south gradient much better than the global model, such as higher TGM concentrations in the Bronx (NY06, 1.52 ng m −3 ) than in upstate New York (NY43 and NY49, 1.42-1.33 ng m −3 ).
The STD nested simulation predicts RGM and PBM concentrations that are twice as large as the IPR simulation, leading to a STD simulation overestimate of observations by a factor of 4 for RGM (obs.: 6.2 ± 4.1 pg m −3 , STD model: 26 ± 24 pg m −3 ) and 2 for PBM (obs.: 7.8 ± 4.2 pg m −3 , STD model: 16 ± 18 pg m −3 ). This indicates a high sensitivity of RGM and PBM concentrations to local Hg(II) emissions and shows that the AMNet RGM and PBM observations are consistent with rapid reduction of RGM in CFPP and waste incinerator plumes. The model closely matches the seasonal cycle of TGM at sites that are farthest from anthropogenic point sources. These include Kejimkujik, Burnt Island, NY20, VT99. At these sites, the seasonal cycle exhibits a summer minimum, which the model attributes to stronger summertime oxidation by Br atoms (Br concentrations peak in summer) and deposition (maximum in precipitation) (Holmes et al., 2010) . This seasonal cycle was also reproduced by previous model studies assuming OH/O 3 as Hg (0) oxidants (Bergan and Rodhe, 2001; . In these studies OH and O 3 concentrations also peak in summer. Discrepancies between observations and models seem to occur when sites are affected by local sources (Kellerhals et al., 2003) . For example, Chester, New Jersey (NJ32), Rochester, New York (NY43), and Antelope Island, Utah (UT96). The remote site in Kejimkujik, Nova Scotia shows a TGM maximum in June with a high standard deviation, indicating episodic influence by long range transport and/or fires.
Seasonal variation of surface Hg concentrations
The observed seasonal cycle for RGM varies from site to site. Most of the sites have a maximum during spring and a minimum during summer (e.g. MD08, NH06, NJ32, NS01, NY06, NY43, NY95 and VT99), while other sites (e.g. MS12, MS99 and UT96) show a maximum in summer. Similar site-to-site variability in the RGM seasonality was noted by Engle et al. (2010) . These variations are likely caused by different combinations of the seasonality for oxidation, deposition, and subsidence of upper troposphere/lower stratospheric (UT/LS) air at these sites (Amos et al., 2012) : oxidation is strongest in late spring, wet deposition is strongest during summer, and UT/LS influence maximizes in winter-spring. The IPR simulation captures the summer maximum of RGM at MS12 and UT96. However, it predicts little seasonality at the other sites and does not capture the spring peak observed at most of the sites. The reasons for this are unclear at this point, but could be associated with an underestimate of subsidence of RGM-rich air during spring.
PBM concentrations measured at AMNet sites show a seasonal maximum during the colder months, when Hg(II) would be expected to preferentially partition to aerosols (Rutter and Schauer, 2007; Amos et al., 2012) . The IPR simulation captures this seasonality, especially at the sites in New Jersey, New York, and Vermont (NJ32, NY06, NY20, NY43, NY95, and VT99).
Vertical and horizontal variations of TGM over
California during ARCTAS Figure 9 shows the vertical distribution of TGM obtained in summer 2008 during the ARCTAS aircraft campaign . We focus here on observations collected during flights over • N, 114-125 • W), out of the Palmdale and Moffett Field (CA) airports. The measurements include Hg(0) and some fraction of Hg(II) due to uncertain inlet loss of Hg(II) (Holmes et al., 2010) , so for comparison to the GEOS-Chem nested IPR simulation we show both the Hg(0) and TGM vertical profiles. We exclude episodic biomass burning plumes from the observations: CO > 200 ppb or CH 3 CN > 0.25 ppt, following Holmes et al. (2010) . The nested IPR simulation is sampled at the same time and altitude as the ARCTAS aircraft observations. The nested simulation reproduces the observed mean TGM concentration below 2 km altitude (1.1-1.3 ng m −3 ). At 2-5 km altitude, observations show a slight increase to 1.3 ng m −3 , while above 7 km observations decrease to ∼ 1 ng m −3 . These features are not captured by the model, which shows a relatively invariant vertical profile. Overall, the nested model shows no significant bias (Hg(0): 1.16 ng m −3 ; TGM: 1.25 ng m −3 ) compared with observations (1.21 ng m −3 ). The spatial distribution of observed TGM concentrations is displayed in Fig. 10 . We show the modeled TGM concentrations from the global and nested IPR simulations for comparison. Because the model shows much smaller variability than the observations, we use different color scales and mainly focus on the relative spatial patterns. Although both the global and nested models have similar level of correlation with ARCTAS observations (r = 0.3), the nested model shows improved skill at capturing the spatial variability in observations. The nested model simulates localized enhancements in TGM over fires sampled in northern California (the branch with red color near 30-40 • N and 122 • W in the right panel). It also captures higher TGM concentrations due to anthropogenic emissions in southern California. The global model shows weaker and diluted enhancement of concentrations in these regions. Both the global and nested models miss the observed high concentration in western Nevada, which might be caused by a mix of mining activities and naturally Hg-enriched soils (Lyman and Gustin, 2008) .
Atmos
Origin of Hg deposition over North America
We conduct a sensitivity study where all anthropogenic Hg emissions over the US, Canada, and Mexico are turned off to separate the influence on deposition of regional anthropogenic Hg emissions from background emissions.
The two left panels in Fig. 11 show annual mean wet deposition sources (natural sources over North America as well as natural + anthropogenic sources outside of North America) for the STD and IPR simulations. The model shows that these external sources lead to a maximum in wet deposition stretching from southern Texas to the NE, and there is also a maximum over Florida. The IPR simulation predicts slightly higher (5 %) background wet deposition compared to the STD simulation. Indeed the IPR simulation assumes a lower fraction of anthropogenic emissions as Hg(II), leading to less local deposition and increased export efficiency of anthropogenic emissions in the form of Hg(0) from regions outside of North America. Following transport on hemispheric scales, this additional background anthropogenic Hg(0) is oxidized to Hg(II) and leads to a small increase in background wet deposition flux over North America. The contribution from anthropogenic North American Hg emissions is obtained by difference between this background simulation and simulations including anthropogenic emissions (central and right panels in Fig. 11 ). As expected, the assumed speciation of anthropogenic Hg emissions greatly affects our results. In the STD simulation, we find that North American anthropogenic sources account for 22 % of the Hg wet deposition flux and 20 % of the dry deposition flux in the contiguous United States ( Table 2 ). The STD model shows that North American anthropogenic sources are responsible for large contributions in the industrial ORV, MW and NE (∼ 30 % of wet deposition), with the contributions near the borders between Ohio, Pennsylvania and West Virginia reaching up to 60 % (Fig. 11) . The modeled contribution from North America anthropogenic sources decreases gradually away from this region. In our IPR simulation we find that the contribution of anthropogenic North American emissions to wet deposition decreases by a factor of 2 relative to the STD simulation (Table 2) : 10 % of wet deposition and 13 % of dry deposition in the contiguous US (compared to 22 % and 20 % in the STD simulation), reaching a maximum of 15 % (wet) and 24 % (dry) in the ORV region (compared to 32 % and 41 % in the STD simulation).
A similar diagnosis was done by Selin and Jacob (2008) with OH/O 3 as the main oxidants of Hg using GEOS-Chem at a spatial resolution of 4 × 5 • . They found the North American anthropogenic sources account for 27 % and 17 % for the wet and dry deposition fluxes over contiguous US, respectively. Seigneur et al. (2004) used the regional model TEAM at a resolution of 100 km and found North American emissions contributions to deposition to be 24 % (wet) and 43 % (dry). The results for wet deposition from both studies are similar to results from our STD simulation which assumes a high fraction of anthropogenic emissions as Hg(II). For example, Selin and Jacob (2008) assume anthropogenic emissions of 55 Mg a −1 Hg(II) and 23 Mg a −1 Hg(P) for the year 2000 over North America, similar to our STD emission inventory (59 Mg a −1 Hg(II)). Seigneur et al. (2004) assume 72 Mg a −1 Hg(II) and 13 Mg a −1 Hg(P) (for years 1998-1999). Our IPR simulation assumes significantly lower emissions for Hg(II) (25 Mg a −1 ), leading to a decrease in Hg deposition near point sources, and thus a decrease in their contribution to the deposition flux over the contiguous US. This implies that the domestic contribution diagnosed by this approach is highly sensitive to the large uncertainties associated with anthropogenic Hg emission speciation and in-plume reduction processes. Given the improved agreement of our IPR simulation with observations of wet deposition (Sects. 3.1 and 3.2), RGM and PBM (Sect. 3.4), our 12 % estimate of the North American anthropogenic contribution to deposition appears to be most consistent with observations. Compared to the model results of Selin and Jacob (2008) our results differ in the spatial distribution of background sources' contribution to wet deposition. Selin and Jacob (2008) calculated a maximum wet deposition flux over southern Texas of 18-20 µg m −2 , nearly twice as large as our 10-12 µg m −2 . Compared to Br atom oxidation, the OH/O 3 chemistry shifts wet deposition to tropical regions with elevated OH concentrations (Holmes et al., 2010) . Convective precipitation in the GEOS-4 meteorological fields is stronger than in the GEOS-5 fields. In addition, the updates for Hg wet deposition implemented by Wang et al. (2011) and Amos et al. (2012) Many studies have tried to estimate the contribution of local sources to wet deposition, either using surface observations or models. In general, estimates that relied on observations result in higher contributions than estimated by models. Keeler et al. (2006) attributed ∼ 70 % of Hg wet deposition at Steubenville, Ohio to coal combustion. In a later study, White et al. (2009) found an enhancement of up to 72 % of Hg concentration in precipitation at sites within 1 km of power plants during episodic events, and 42 % when averaged over the whole summer season. Similar studies conducted in the Chicago/Gary urban area show that sites less than 100 km apart differed in volume-weighted mean Hg concentration by over 30 % (Lin and Pehkonen, 1999) . The volume-weighted mean Hg concentration measured in urban sites in Detroit was also 25-35 % higher than those measured in a rural site ∼ 60 km east (Gildemiester, 2001) . The short lifetimes of Hg(II) lead to strong spatial variance near point sources at a spatial scale of 1-10 km, which cannot be captured in our GEOS-Chem nested grid simulation with a ∼ 50 km horizontal resolution. As most of the MDN and AMNet sites used in our study are not directly downwind of large point sources, they should represent regional levels of Hg(II) concentrations and wet deposition. Similarly, the GEOS-Chem model results evaluated at those sites should thus be representative over regional scales, but likely underestimate the anthropogenic contribution at very small local scales.
Conclusions
We have developed a nested Hg simulation in the GEOSChem chemical transport model, with a horizontal resolution of 1/2 • latitude by 2/3 • longitude over North America. Boundary conditions are provided by a global GEOS-Chem Hg simulation at 4 × 5 • resolution using the same emissions, chemistry, deposition, and meteorological fields as the nested model.
We have updated the anthropogenic Hg emission in the US and Canada using the EPA's National Emissions Inventory and the Canadian National anthropogenic emissions are emitted as Hg(II), observations in power plant plumes suggest that most of this Hg(II) is quickly reduced to Hg(0) directly downwind. We therefore conduct a sensitivity simulation where we change the anthropogenic Hg speciation profile over North America to yield 121 Mg a −1 Hg(0) and 25 Mg a −1 Hg(II). We contrast results from this in-plume reduction (IPR) simulation to our standard (STD) simulation.
Relative to the global model, the nested-grid model shows improved skill at capturing the high spatial and temporal variability of Hg wet deposition observed at MDN sites in [2008] [2009] . However, the STD nested model simulation shows a systematic 27 % overestimate in Hg wet deposition over the Ohio River Valley (ORV), a region with high emissions from coal-fired power plants. Changing the speciation of anthropogenic emissions in our IPR simulation reduces this model bias to −2 % over the ORV region, and improves the model performance over North America. The IPR simulation also captures the spatial patterns of wet deposition as a function of season, with high wet deposition fluxes concentrated in the SE during spring and extending towards the NE during summer. The IPR simulation shows a 60 % underestimate in wet deposition over the MW in the summer of 2008, which is associated with a 50 % underestimate in precipitation. While the model reproduces the high deposition rates observed in the SE in Louisiana, Mississippi, and Alabama, it does not reproduce the very high wet deposition rates (10-12 µg m −2 /season) observed at sites in Florida during summer.
The nested IPR simulation reproduces the observed annual mean and seasonal variations in surface concentrations of TGM, RGM and PBM observed at 5 CAMNet sites and 14 AMNet sites. The nested model reproduces the horizontal variability in observations better than the global model, because it better resolves the influence of local anthropogenic sources. The nested IPR model shows no bias for TGM and PBM, but is a factor of 2.4 too high relative to RGM observations. In contrast, the STD simulation leads to a factor of 4 overestimate in observed RGM and a factor of 2 overestimate in PBM. This may be further evidence for rapid in-plume reduction of RGM. The nested model captures the overall horizontal variability in TGM concentrations observed over California during the ARCTAS campaign, but displays a reduced dynamic range compared to observations. By conducting a sensitivity study without North American anthropogenic Hg emissions, we assess the relative contribution of regional anthropogenic emissions on deposition. Our results are highly sensitive to the assumed speciation of anthropogenic emissions. In the IPR simulation, the North American anthropogenic sources contribute only 10 % of the total Hg wet deposition in the US, compared to 22 % in the STD simulation. The modeled IPR percent contribution varies from 4 % in the western US to 16 % in the eastern US (32 % in the STD simulation). The modeled percent contribution can be as high as 60 % near some large point emission sources. The IPR mean modeled contribution of North American anthropogenic emissions to dry deposition is 13 % (20 % in the STD simulation), increasing to 24 % in the Ohio River Valley (41 % in the STD simulation). Given the improved agreement with wet deposition, RGM, and PBM observations obtained in the IPR simulation, our lower estimate of North American contribution to deposition (12 %) appears to be more robust.
